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I 
P r e f a c e  t o  Second Year ly  Report  under  C o n t r a c t  NAS2-7613 
Work under  C o n t r a c t  NAS2-7613 s t a r t e d  on J u l y  1, 
1973 as a c o n t i n u a t i o n  of r e s e a r c h  conducted  under  
C o n t r a c t  NAS24151 s i n c e  Februa ry  1, 1967. The 
r e s e a r c h  g o a l s  s t a t e d  i n  C o n t r a c t  NAS2-7613 are  
(a )  Assess a n a l y t i c a l l y  t h e  effects of f u s e l a g e  
mot ions  on s t a b i l i t y  and random pesponse.  The 
problem is t o  d e v e l o p  an a d e q u a t e  b u t  n o t  o v e r l y  
complex f l i g h t  dynamics a n a l y t i c a l  model and t o  
s t u d y  t h e  effects of s t r u c t u r a l  and  e l e c t r o n i c  
f eedback ,  p a r t i c u l a r l y  f o r  h i n g e l e s s  rotors .  
( b )  Study by computer and hardware e x p e r i m e n t s  t h e  
f e a s i b i l i t y  of  a d e q u a t e  p e r t u r b a t i o n  models from 
n o n - l i n e a r  t r i m  c o n d i t i o n s .  The problem is  t o  
e x t r a c t  an a d e q u a t e  l i n e a r  p e r t u r b a t i o n  model for 
t h e  pu rpose  of s t a b i l i t y  and random motion s t u d i e s .  
The e x t r a c t i o n  i s  t o  be performed on t h e  bas i s  of 
t r a n s i e n t  r e s p o n s e s  o b t a i n e d  e i t h e r  by computed 
t ime h i s t o r i e s  o r  by model t e s t s .  
( c )  Extend t h e  e x p e r i m e n t a l  methods t o  assess r o t o r  
wake-blade i n t e r a c t i o n s  by u s i n g  a 4-bladed r o t o r  
model  w i t h  t h e  c a p a b i l i t y  of p r o g r e s s i n g  and 
r e g r e s s i n g  b l a d e  p i t c h  e x c i t a t i o n  ( c y c l i c  p i t c h  
I f  
s t i r r i n g ) ,  by u s i n g  a 4-bladed r o t o r  model w i t h  
hub tilt s t i r r i n g ,  and by t e s t i n g  r o t o r  models  
in s i n u s o i d a l  up or side flow. 
Work on research goal (a )  h a s  been r e p o r t e d  i n  
Part I of t h e  F i r s t  Yea r ly  Repor t  under  s u b j e c t  contract  
t i t l e d  "Methods S t u d i e s  Toward S i m p l i f i e d  Rotor-Body 
Dynamics". The r e s u l t s  were p u b l i s h e d  i n  t h e  paper :  
Hohenemser, K. H. and Yin, S. K., "On t h e  Use of F i r s t  
Opder Rotor Dynamics i n  M u l t i b l a d e  Coord ina te s"  p r e s e n t e d  
a t  t h e  30 th  Annual N a t i o n a l  Forum of t h e  American 
H e l i c o p t e r  S o c i e t y ,  May 1974, P r e p r i n t  831. 
I n i t i a l  work on research g o a l  (b) h a s  been r e p o r t e d  
i n  P a r t  I1 of t h e  F i r s t  Yea r ly  Report  unde r  s u b j e c t  
cont rac t  t i t l e d  "Computer Exper iments  i n  P r e p a r a t i o n  
of System I d e n t i f i c a t i o n  from T r a n s i e n t  Rotor Model 
Tests"  . 
I n i t i a l  w o r k  on r e s e a r c h  g o a l  ( c )  h a s  been 
r e p o r t e d  i n  P a r t  I11 of t h e  First Year ly  Repor t  under  
s u b j e c t  c o n t r a c t  t i t l e d  "Experiments  w i t h  a Four-Bladed 
C y c l i c  P i t c h  S t i r r i n g  Model Rotor." 
The second Year ly  Report  under  C o n t r a c t  NAS2-7613 
is s u b d i v i d e d  i n t o  two p a r t s ,  whereby P a r t s  I and  I1 
a r e  r e l a t e d  t o  t h e  r e s e a r c h  g o a l s  ( b )  and ( c )  
r e s p e c t i v e l y .  T h e  a u t h o r s  a n d  t i t l e s  of t h e  two 
p a r t s  are: 
XI1 
Part I Hohenemser, K. ti., B a n e r j e e ,  D. and P i n ,  S. K., 
W e t h o d s  S t u d i e s  on System I d e n t i f i c a t i o n  from T r a n s i e n t  
Rotor Test 8 .  t9 
P a s t  XI Hohenemser, K. H. and  C r e w s ,  S, T., ' 8Add i t iona l  
Expes iments  w i t h  a Four-Bladed C y c l i c  P i t c h  S t i r r i n g  
Hodel Roto r  .le 
P a r t  I b e g i n s  w i t h  an  i n t r o d u c t i o n  t o  a i r c r a f t / i d e n -  
t i f i c a t i o n  methods,  it c o n t a i n s  t h e  r e s u l t s  of computer  
e x p e r i m e n t s  w i t h  s e v e r a l  s e l e c t e d  methods of sys tem 
i d e n t i f i c a t i o n  a p p l i e d  to l i f t i n g  r o t o r s ,  and  c o n t a i n s  
t h e  deve lopment  o f  a new method for o p t i m a l  d a t a  
u t i l i z a t i o n ,  
P a r t  I1 p r e s e n t s  e x t e n d e d  f r e q u e n c y  r e s p o n s e  
measurements  w i t h  t h e  f o u r - b l a d e d  model r o t o r  i n c l u d i n g  
dynamic wake measurements  a t  z e r o  advance  r a t i o ,  I t  
d e s c r i b e s  t h e  m o d i f i c a t i o n s  .of t h e  model and i t s  
i n s t r u m e n t a t i o n  for t r a n s i e n t  p i t c h  s t i r r i n g  tes ts ,  
and it d i s c u s s e s  t h e  development  of s o f t w a r e  for t h e  
d a t a  p r o c e s s i n g .  
I V  
A D D I T I O N A L  EXPERIMENTS WITH A FOUR-BLADED 
CYCLIC PITCH STIRRING MODEL ROTOR 
Part I1 of Second Y e a r l y  Repor t  u n d e r  C o n t r a c t  NAS2-7623 
The f r e q u e n c y  r e s p o n s e  tests w i t h  t h e  4-bladed 
p i t c h  s t i r r i n g  r o t o r  model,  r e p o r t e d  i n  P a r t  1 I I . o f  
t h e  F i r s t  Y e a r l y  Repor t  under  C o n t r a c t  NAS2-7613, 
have been  ex tended  t o  a r o t o r  dynamic wake s u r v e y  a t  
zero advance  r a t i o ,  c o v e r i n g  20, 5 0  and 0 O  c o l l e c t i v e  
p i t c h  s e t t i n g s .  Dynamic wake d a t a  are t a k e n  i n  
p l a n e s  .12 and .20 r a d i i  below t h e  r o t o r  d i s k .  These  
d a t a  are la te r  t o  b e  compared w i t h  a n a l y t i c a l  wake 
data w i t h  p a r a m e t e r s  t o  b e  i d e n t i f i e d  from p i t c h  
s t i r r i n g  t r a n s i e n t s .  The model h a s  been mod i f i ed  t o  
p e r f o m  such  t r a n s i e n t s .  The i n s t r u m e n t a t i o n  deve loped  
f o r  t h i s  pu rpose  i s  d e s c r i b e d  t o g e t h e r  w i t h  t h e  method 
of d a t a  a c q u i s i t i o n  and w i t h  t h e  t es t  p r o c e d t r e s .  The 
hardware  and s o f t w a r e  f o r  s e v e r a l  d a t a  h a n d l i n g  s y s t e m s  
is  d i e c u s s e d .  
from p i t c h  s t i r r i n g  t r a n s i e n t s  t h e  p a r a m e t e r s  of a n a l y -  
t i c a l  dynamic s o t o r  wake models. The t e s t  d a t a  from 
p i r c h  s t i r r i n g  t r a n s i e n t s  a t  zero advance  r a t i o  have  
been a c q u i r e d  b u t  n o t  a s  y e t  p rocessed .  
These s y s t e m s  have t h e ’ p u r p o s e  t o  e x t r a c t  
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The r e s u l t s  of t h e  f r e q u e n c y  r e s p o n s e  tes ts  w i t h  
t h e  2 and 4 b l a d e d  p i t c h  s t i r r i n g  r o t o r  models  pre- 
sented i n  Par t  I11 of t h e  F i r s t  Y e a r l y  Report unde r  
Contract NAS2-7613 showed p a r t i c u l a r l y  a t  zero and 
l o w  advance  r a t i o  l a r g e  e f f e c t s  of t h e  dynamic rotor 
wake on t h e  blade f l a p p i n g  r e s p o n s e .  Only a f e w  
s p o t t y  dynamic wake measurements  had  been  made a t  
t h a t  time a t  z e r o  advance  r a t i o .  I t  was found  t h a t  
when p i t c h  s t i r r i n g  f r e q u e n c y  and  f l a p p i n g  n a t u r a l  
f r e q u e n c y  c o i n c i d e ,  t h e  dynamic wake a m p l i t u d e  .2 R 
below t h e  r o t o r  p l a n e  and .82 R from t h e  rotor a x i s  
i s  almost zero. The ground p l a n e  is  l o c a t e d  1.3 R 
below t h e  r o t o r  p l a n e  and  s h o u l d  have  l i t t l e  e f f ec t  
on  t h i s  r e s u l t .  
t o  i n c r e a s e  s t e e p l y  when t h e  b l a d e  n a t u r a l  f l a p p i n g  
f r e q u e n c y  was i n c r e a s e d  w i t h  r e s p e c t  t o  t h e  p i t c h  
s t i r r i n g  f r equency .  To s h e d  some more 1 i g h t . o n  t h i s  
i n t e r e s t i n g  dynamic r o t o r  wake b e h a v i o r ,  i t  was 
d e c i d e d  t o  o b t a i n  a t  z e r o  advance  r a t i o  a comple t e  
w a k e  s u r v e y  c l o s e l y  below t h e  r o t o r  p l a n e  e x t e n d i n g  
o v e r  t h e  e n t i r e  r a d i u s  and i n c l u d i n g  3 c o l l e c t i v e  
p i t c h  s e t t i n g s  o f  2 0 ,  5 0 ,  8 O .  The f i rs t  s e c t i o n  of 
t h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  and a d i s c u s s i o n  of 
The dynamic wake a m p l i t u d e  was found 
t h e s e  r e s u l t s .  
2 
The g o a l  of t h e  dynamic ro tor  wake work is t o  
f i n d  an a n a l y t i c a l  dynamic r o t o r  wake d e s c r i p t i o n  
t h a t  is fitted by pa rame te r  i d e n t i f i c a t i o n  from 
t r a n s i e n t s  t o  best  r e p r e s e n t  t h e  wake e f f ec t s  on 
b l a d e  f l a p p i n g  r e s p o n s e s .  For  t h i s  pu rpose  thae  
ro to r  model was modi f i ed  t o  a c c e p t  p i t c h  s t i r r i n g  
t r a n s i e n t s .  The a n a l y t i c a l  wake d e s c r i p t i o n  makes 
u s e  o f  m u l t i b l a d e  c o o r d i n a t e s .  I n s t r u m e n t a t i o n  and 
data a c q u i s i t i o n  had t o  b e  a d a p t e d  t o  t h i s  r e q u i r e -  
ment. F i n a l l y ,  t h e  pa rame te r  i d e n t i f i c a t i o n  
a lgori thms which have been practiced and developed  
i n  computer s i m u l a t i o n s ,  r e q u i r e  s u i t a b l e  d a t a  
h a n d l i n g  systems.  S e v e r a l  p o s s i b i l i t i e s  of such  
sys t ems  are open. The a s s o c i a t e d  software had t o  be 
developed .  The l a s t  s e c t i o n  of t h i s  r e p o r t  d i s c u s s e s  
t h i s  problem. 
3 
DYNAHIC ROTOR WAKE SURVEY P- 
The f r equency  r e s p o n s e  t e a t s  p r e s e n t e d  p r e -  
v i o u s l y  were per formed e i t h e r  w i t h  t h e  2 - b l a d e d ' r o t o r  
model of 1 6  i n c h  d i a m e t e r ,  or w i t h  t h e  4-bladed 
r o t o r  model of 16 ,5  i n c h  d i ame te r .  The t e s t a  
covered  advance  r a t i o s  from 0 t o  .74 and c o l l e c t i v e  
p i t c h  a n g l e s  of 2 O  and So. For most of t h e  tests 
o n l y  f l a p p i n g  r e s p o n s e s  were measured, For zero 
advance  r a t i o  a l so  t h e  time v a r i a b l e  downwash a t  one  
p o i n t  under  t h e  P o t o r  p l a n e  was r e c o r d e d  w i t h  a h o t  
wire anemometer. The ex tended  work r e p o r t e d  i n  t h e  
f o l l o w i n g  p r o v i d e s  dynamic r o t o r  downwash measurements  
a t  zero advance  r a t i o  o v e r  t h e  e n t i r e  r o t o r  r a d i u s  
2 p l a n e s  below t h e  r o t o r  d i s k .  
1, T e s t  C o n d i t i o n s  
Two t e s t  s e r i e s  were conducted .  In  the first 
se r i e s  t h e  r o t o r  speed  was 1 2 0  f t / s e c  or 27.5 cpa 
r e s u l t i n g  i n  a non-dimensional  b l a d e  n a t u r a l  f r e q u e n c y  
i n  t h e  r o t a t i n g  s y s t e m  of P = 1 * 1 7 *  Th i s  t e s t  s e r i e s  
was conducted  o n l y  w i t h  4 b l a d e s  s e t  a t  c o l l e c t i v e  
p i t c h  a n g l e s  of 0 ,  = 2 O ,  so ,  Eo, The second t e s t  
s e r i e s  was conducted  both  w i t h  2 and 4 b l a d e s  s e t  a t  
2 O  c o l l e c t i v e  p i t c h  angle. Two r o t o r  speeds were 
used  c o r r e s p o n d i n g  t o  P = 1 . 2 5  and 1.175. The 
2-bladed r o t o r  model was o b t a i n e d  by removing 2 
b l a d e s  from t h e  b b l a d e d  r o t o r  model, The ground 
p l a n e  was i n  a l l  tests 1.3 R below t h e  r o t o r  center,  
The r o t o r  c h a r a c t e r i s t i c s  a r e  t h e  same as  
i n  t h e  e a r l i e r  tests,  e x c e p t  t h a t  now t h e  2-bladed 
r o t o r  h a s  h a l f  t h e  b l a d e  s o l i d i t y  r a t i o  o f  t h e  
b-bladed ro tor .  Diameter D ,  b l a d e  s o l i d i t y  r a t i o  a, 
first  and second n a t u r a l  b l a d e  f l a p p i n g  f r e q u e n c y ,  
non-Po t a t  i n g  w 
f r e q u e n c y  w , f i r s t  b l a d e  chordwise  f r e q u e n c y  w 
Lock number y, and p i t c h  s t i r r i n g  a m p l i t u d e  8, a r e  
f i r s t  b l a d e  t o r s i o n a l  B 1 '  5 2 ,  
C 1 '  01 
C P S  W CPS Wel CPS W CPS @ B 1  0 2  C 1  
D i n c h e s  U 
16.5 .154(.077) 14.0 166 180 114 
y e$ 
4.2 1.50 
T h e  c y c l i c  p i t c h  s t i r r i n g  f r e q u e n c i e s ,  a s  de te rmined  
by t h e  a v a i l a b l e  gear r a t i o s ,  a r e  i n  r o t a t i n g  c o o r d i n a t e s  
.2r) 040 -60 0 8 0  e90 0933 1.067 1.10 1.20 1.60 1.80 
For t h e  f i r s t  t e s t  series w i t h  1, b l a d e s ,  8 ,  = 2 O ,  5 0 ,  8 O ,  
P = 1.17, two s i n g l e  channe l  l i n e a r i z e d  h o t  wire ane- 
mometers were used f o r  t h e  v e l o c i t y  measurements ,  
l o c a t e d  . 2 0  R avd . 1 2  R below t h e  r o t o r  p l a n e .  For the 
5 
second t e s t  s e r i e s  w i t h  2 and b b l a d e s ,  8, = 2 O ,  
P = 1.25 and 1 ,175  o n l y  one  h o t  wire anemometer 
.20 R below t h e  r o t o r  p l a n e  was i n s t a l l e d .  F i g u r e  1 
shows t h e  7 probe  l o c a t i o n s  a l o n g  t h e  r a d i u s .  
2. Test R e s u l t s  
For t h e  f irst  t e s t  ser!es w i t h  t h e  4-bladed 
r o t o r  a t  P = 1.17 and 0, = 2 O ,  5O, %O t h r e e  cha rac -  
t e r i s t i c s  a r e  p r e s e n t e d .  The time a v e r a g e  of t h e  i-otor 
downwash v e l o c i t y  r, t h e  time mean s q u a r e  of t h i s  
v e l o c i t y  ( w 2 ) ” * ,  and t h e  a b s o l u t e  v a l u e  o f  t h e  first 
- 
F o u r i e r  c o e f f i c i e n t  w i t h  r e s p e c t  t o  t h e  p i t c h  s t i r r i n g  
f r equency  I F l u  I Each c h a r a c t e r i s t i c  is p l o t t e d  
i n  two ways, F i g u r e s  2a t o  10a show t h e  3 q u a n t i t i e s  
p l o t t e d  v e r s u s  e x c i t a t i o n  f r equency  i n  t h e  r o t a t i n g  
system o w i t h  t h e  r a d i a l  s t a t i o n  r/R as  pa rame te r .  
F i g u r e s  2b t o  l o b  show t h e  3 q u a n t i t i e s  p l o t t e d  v e r s u e  
r a d i a l  p o s i t i o n  r/R w i t h  t h e  e x c i t a t i o n  f r e q u e n c y  o 
a s  parameter .  Some of t h e  p l o t s  g i v e  t h e  d a t a  for 
t h e  probe  l o c a t i o n  .20  R below t h e  p o t o r  c e n t e r ,  some 
f o r  ,12 R probe l o c a t i o n  and some for b o t h  l o c a t i o n s .  
I n  most c a s e s  t h e  d i f f e r e n c e s  i n  t h e  c h a r a c t e r i s t i c s  
between t h e s e  2 probe l o c a t i o n s  a r e  small. 
6 
The time a v e r a g e s  ohown i n  figures 2 t o  4 
f o r  .20 R pr?obe l o c a t i o n s  were o b t a i n e d  By manual ly  
r e c o r d i n g  t h e  r e a d i n g s  of a t i r e  a v o r a g i n g  DC 
v o l t m e t e r  as t h e  tests were i n  p r o g r e s s .  The time 
root mean s q u a r e  v a l u e s  i n  f i g u r e s  5 t o  7 for b o t h  
.12 R and .20 R probe  l o c a t i c s s  trere o b t a i n e d  by 
p l a y i n g  back t h e  t a p e  r e c o r d e d  measurements t h r o u g h  
a RMS meter u s i n g  one second as t h e  i n t e g r a t i o n  
i n t e r v a l .  
F i g u r e s  8 t o  10 show t h e  mean and s t a n d a r d  
d e v i a t i o n s  of t h e  a b s o l u t e  v a l u e s  of t h e  f irst  F o u r i e r  
c o e f f i c i e n t s  of t h e  f r e q u e n c y  r e s p o n s e  of t h e  wake 
measurements t a k e n  a t  .12 R below t h e  r o t o s  p lane .  
These v a l u e s  were o b t a i n e d  by p l a y i n g  back t h e  t a p e  
pecorded  wake measurements t n rough  a PDP-12 computer 
which d i g i t i z e s  t h e  mensurements and F o u r i e r  a n a l y s e s  
them 7 times w i t h  t h e  f r e q u e n c y  of e x c i t a t i o n  over 7 
c o n s e c u t i v e  p e r i o d s  of e x c i t a t i o n  and t h e n  t akes  t h e  
mean and s t a n d a r d  d e v i a t i o n  of t h o s e  7 F o u r i e r  c o e f f i -  
c i e n t s .  T h e s e  3 c u r v e s  r e p r e s e n t  a p p r o x i m a t e l y  25 
h o u r s  of PDP-12 computer time. A l l  t h r e e  s e t s  of 
d a t a  were pu t  on punch c a r d s  and p l o t t e d  w i t h  a 
Calcomp p l o t t e r .  
T h e  second se t  of tes ts  w i t h  eo = 2 O ,  u and 
2 b l a d e s ,  P = 1.25 and 1,175 and probe l o c a t i o n s  .12 R 
below t h e  r o t o r  c a n t e r  was e v a l u a t e d  i n  a d i f f e r e n t  
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manner by computing spanwise  weighted  a v e r a g e s  of 
t h e  3 c h a r a c t e r i s t i c s  GB ( w  ) IFlulw . The 
f irst  weighted  a v e r a g e  
7 1 / 2  
2 (1/R3) gR . . . r d r  
is p r o - p c r t i o n a l  t o  t h e  hub moment from t h e  downwash. 
The second weighted  a v e r a g e  
(1/R2) LR . . . r d r  
is  p r o p o r t i o n a l  t o  t h e  ro to r  l i f t  d e f i c i e n c y  from t h e  
downwash . 
F i g u r e s  11 and  1 2  show t h e  we igh ted  a v e r a g e  
- 2  ( l / R 3 )  JR w r d r  
which is l a b e l e d  "Hub moment fpom though it  i s  
d i f f e r e n t  from t h e  actual hub moment by a cons tan t  
f a c t o r .  Figures 13 and 1 4  show t h e  weighted  a v e r a g e  
which is l a b e l e d  "Hub moment from 
need b e  m u l t i p l i e d  by a c o n s t a n t  P a c t o r  t o  o b t a i n  t h e  
a c t u a l  hub momeqt. 
IFlulw" though it 
F i g u r e s  1 5  and 16  show t h e  weighted  a v e r a g e  
(1/R2) /o R -  w r d r  
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which is l a b e l e d  "Thrus t  D e f i c i e n c y  from it again 
needs  m a l t i p l i c a t i o n  by a constant factor. F i n a l l y  
f i g u r e s  1 7  and 18 show t h e  we igh ted  a v e r a g e  
- 
which is l a b e l e d  "Hub moment from (w  ) whereby the 
constant factor is  omi t t ed .  Each set of 2 f i g u r e s  
g i v e s  t h e  spanwise  we igh ted  a v e r a g e s  for 2 and 4 
b l a d e s  and for b l a d e  natamal f r e q u e n c i e s  of P = 1.25 
and 1.175. In a l l  f i g u r e s  2 t o  18 t h e  o r d i n a t e s  haoe  
t h e  d imens ion  f t /sec and  are p l o t t e d  v e r s u s  t h e  p i t c h  
s t i r r i n g  f r e q u e n c y  i n  r o t a t i n g  coordinates QD. 
F i g u r e s  1 9  t o  22 show t h e  a b s o l u t e  v a l u e  of 
t h e  first F o u r i e r  coe f f i c i en t  of b l a d e  f l a p p i n g  
and t h e  phase  a n g l e  between exc i t a t ion  a n d  J F l r J J B  
r e s p o n s e  O c l  F i g u r e s  23 and 24 show t h e  d i f f e r e n c e  
i n  f l a p p i n g  a m p l i t u d e  between t h e  a n a l y t i c a l  (no wake)  
and measured f l a p p i n g  r e s p o n s e .  T h i s  d i f f e r e n c e  is 
compared t o  t h e  downwash hub momel;t ampl i tude .  The 
s c a l e s  a re  a r b i r r a r y .  
3. D i s c u s s i o n  
F i g u r e s  2 t o  7 show t h a t  a s  t h e  c o l l e c t i v e  - 
p i t c h  i n c r e a s e s  b a t h  w and ( w  * 1 'I2 become l e s s  
dependent  on t h e  p i t c h  s t i r r i n g  f r e q u e n c y ,  This would 
be expec ted  because  of t h e  l a r g e r  v a l u e s  of t h r u s t  
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produced  downwash as compared t o  t h e  p i t c h  s t i r r i n g  
produced downwash. The first F o u r i e r  component 
remains s t r o n g l y  f r e q u e n c y  dependen t  for a l l  IFltJw 
c o l l e c t i v e  p i t c h  s e t t i n g s ,  see f i g u r e s  8 t o  10. T h i s  
F o u r i e r  coef f ic ien t  h a s  a lways  a minimum close t o  
o) = 1.2 where t h e  p i t c h  s t i r r i n g  exc i t a t ion  f r e q u e n c y  
i n  t h e  r e g r e s s i n g  mode a p p r o x i m a t e l y  coincides w i t h  
t h e  b l a d e  n a t u r a l  f l a p p i n g  f r equency .  The radial  
d i s t r i b u t i o n  of a l l  3 q u a n t i t i e s  c, ( w  1 ’’* and 
h a s  a lways  a maximum I n  t h e  v i c i n i t y  of lFl,(W 
r/R = .8.  For t h e  h i g h e r  c o l l e c t i v e  p i t c h  s e t t i n g s  
t h e  maximum t e n d s  t o  s h i f t  i n b o a r d ,  p a r t i c u l a r l y  f o r  
t h e  wake a m p l i t u d e  
From f i g u r e s  11 and 1 2  it i s  seen  t h a t  t h e  
spanwise  a v e r a g e  of t h e  t i m e  mean i s  f r e q u e n c y  
dependent  b o t h  f o r  t h e  2 and 4-bladed r o t o r .  The 
r e a s o n  i s  t h e  n o n - l i n e a r i t y  i n  t h e  s u p e r p o s i t i o n  o f  
s t e a d y  and u n s t e a d y  downwash. The s t e a d y  downwash 
o r i g i n a t e s  i n  2 O  c o l l e c t i v e  p i t c h  a n g l e ,  w h i l e  t h e  
u n s t e a d y  w a k e  h a s  i t s  source i n  1.5O c y c l i c  p i t c h  
s t i r r i n g  . 
T h e  mean *Jake for 4 b l a d e s  is l e s s  t h a n  
t w i c e  t h a t  for 2 b l a d e s ,  s e e  f i g u r e s  11 and 12. The 
h u b  moments of the dynamic wake a m p l i t u d e s  f o r  2 and 
U-bladed r o t o r s  a r e  r e l a t i v e l y  c l o s e  t o  each  o t h e r ,  
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'8ee f i g u r e s  1 3  and 14 .  T h i s  is also r e f 1 e c t e d . h  
t h e  f l a p p i n g  r e s p o n s e s ,  f i g u r e s  19 t o  2 2  which show 
no s u b s t a n t i a l  d i f ferences between 2 and U-bladed 
rotors .  The d i f f e r e n c e s  in peak values  i n  f i g u r e  19 
may have  been  c a u s e d  by  i n s u f f i c i e n t  number of t e s t  
p o i n t s  a l o n g  t h e  o-axis i n  t h i s  f r e q u e n c y  range a n d  
c o n s e q u e n t l y  a c r u d e  i n t e r p o l a t i o n  from computer 
g r a p h i c s .  
Figs. 23 a n d  24  show t h a t  t h e  d e v i a t i o n s  
between t h e  a n a l y t i c a l  f l a p p i n g  r e s p o n s e  computed 
w i t h o u t  u n s t e a d y  wake e f fec t  and  t h e  ac tua l  r e s p o n s e  
a g r e e  r e a s o n a b l y  w e l l  w i t h  t h e  measured u n s t e a d y  
hub moment, though t h e  s h i f t  of t h e  wake a m p l i t u d e  
peak t o  h i g h e r  f r e q u e n c i e s  seems t o  have  no o b v i o u s  
e x p l a n a t i o n .  I t  s h o u l d  b e  n o t e d  a g a i n  t h a t  t h e  g r a p h s  
i n  f i g u r e s  23 and 2 4  have a r b i t r a r y  sca les  so t h a t  
o n l y  t h e i r  s h a p e s ,  n o t  t h e i r  magn i tudes  s h o u l d  be  
compared. Also,  because  of i n s u f f i c i e n t  number of 
t e s t  p o i n t s ,  computer g r a p h i c s  d i s t o r t e d  t h e  c u r v e s  
i n  t h e  v i c i n i t y  of s t e e p  a s c e n t s  or s t e e p  d e s c e n t s .  
it a c d  l a r g e  t h e  s i m i l a r i t y  between t h e  measured 
dynamic downwash hub moment a m p l i t u d e s  and t h e  
d i f f e r e n c e  between a n a l y t i c a l  a n d  measured hub moment 
r e s p o n s e  is e v i d e n t  and m a k e s  it p l a u s i b l e  t h a t  t h i s  
d i f f e r e n c e  is caused  by the n e g l e c t  of t h e  dynamic 
downwash i n  t h e  a n a l y s i s .  
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TRANSIENT PITCH STIRRIM6 TESTS 
Zero advance  r a t i o  t r a n s i e n t  p i t c h  s t i r r i n g  t e s t s  
u s i n g  various s t i r r i n g  a c c e l e r a t i o n s  hawe been  con- 
d u c t e d  with c o l l e c t i v e  p i t c h  a n g l e s  of 2 O ,  5 O ,  8 O .  
T h e  t e s t  d a t a  have no* a s  y e t  been  p r o c e s s e d  and 
are ,  t h e r e f o r e ,  n o t  p r e s e n t e d  h e r e i n .  Forward f l i g h t  
t r a n s i e n t  p i t c h  s t i r r i n g  tests are b e i n g  p repa red .  
T h e  tes t  s e t - u p  and t h e  t e s t  p r o c e d u r e 8  are d e s c r i b e d  
i n  t h i s  s e c t i o n .  
1 G e n e r a t i o n  o f  T r a n s i e n t s  
The f o l l o w i n g  t r a n s i e n t s  are g e n e r a t e d  with 
t h e  4-bladed p i t c h  s t i r r i n g  model rotor: 
( a  1 OI = 1.5  s i n  ( w f t  + $ 1  
= 1.5 c o s  ( o f t  + $ 1  eI 1 
Where t h e  p i t c h  s t i r r i n g  angular speed  i n  f i x e d  c o o r d i -  
n a t e s ,  wf, is a t i m e  f u n c t i o n  g i v e n  by 
Wf = 0 s t a t o  
Wf = C ( t  - t o ) / n  , t > to 
C can  be v a r i e d  be tween  0.15 ( p r o g r e s s i n g  e x c i t a t i o n )  
and +.15 ( r e g r e s s i n g  e x c i t a t i o n ) .  
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P = QD t o  P 2 1.15 
and Q goes from 0 t o  a c o n s t a n t  speed  in r o t o r  
start  up. (e is  t h e  e q u i v a l e n t  h i n g e  off-set ,  w 
h = O  
is t h e  f irst  f l a p p i n g  n a t u r a l  f r equency ,  n o n r o t a t i n g ) .  
(e) v = 0 t o  V m a x  i n  wind t u n n e l  s tart  up. 
T r a n s i e n t  ( a )  is used  for rotor p a r a m e t e r  i d e n t i f i c a t i o n .  
T r a n s i e n t s  (b) and ( c )  are measured d u r i n g  t e s t i n g  b u t  
w i l l  n o t  be c u r r e n t l y  used  for t h e  p a r a m e t e r  i d e n t i -  
f i c a t  i o n  . 
T r a n s i e n t  ( a )  i s  g e n e r a t e d  i n  t h e  f o l l o w i n g  way. 
There  are motor s  which d r i v e  b o t h  t h e  r o t o r  s h a f t  - 
which c o n t r o l s  r o t o r  az imuth  a n g l e ,  and  t h e  p i t c h  
s h a f t  - w h i c h  c o n t r o l s  p i t c h  az imuth  a n g l e .  T h e s e  
motors a r e  1 / 2  h o r s e  2 e lement  v a r i a b l e  speed  motors .  
The pr imary  e lement  is a c o n s t a n t  speed  i n d u c t i o n  
motor ;  h e n c e f o r t h  r e f e r r e d  t o  as t h e  motor ( r o t o r  motor ,  
p i t c h  moto r ) .  The secondary  e l emen t  is a magne t i c  
c l u t c h ,  h e n c e f o r t h  r e f e r r e d  t o  as t h e  c l u t c h  ( r o t o r  
c l u t c h ,  p i t c h  c l u t c h ) ,  t h a t  engages  t h e  v a r i a b l e  speed  
d r i v e  s h a f t .  By v a r y i n g  t h e  c u r r e n t  t o  t h e  c l u t c h  
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( w i t h  t h e  motor  o n ) ,  t h e  d r i v e  s h a f t  speed  can b e  
v a r i e d .  P i t c h  t r a n s i e n t s  a r e  a c h i e v e d  by s w i t c h i n g  
on t h e  p i t c h  c l u t c h  t o  a p r e d e t e r m i n e d  c u r r e n t  l e v e l ,  
w i t h  t h e  motor r u n n i n g ,  and  l e t t i n g  t h e  s h a f t  ac- 
ce lera te  toward  s t e a d y - s t a t e .  Before s t e a d y - s t a t e  
i s  r e a c h e d  t h e  p i t c h  c l u t c h  is u s u a l l y  s h u t  off and 
t h e  s h a f t  t h e n  d e c e l e r a t e s .  
P r o g r e s s i n g  and  r e g r e s s i n g  p i t c h  s t i s r i n g  tests 
u s i n g  f i v e  d i f f e r e n t  p i t c h  a c c e l e r a t i o n  v a l u e s  were 
conducted  f o r  co l l ec t ive  p i t c h  s e t t i n g s  of 2 O ,  So and 
eo. T h e  a c c e l e r a t i o n ' r a n g e  b r a c k e t s  t h e  a c c e l e r a t i o n  
v a l u e  used  i n  t h e  i d e n t i f i c a t i o n  s i m i l a t i o n  tests.  
2 I n s t r u m e n t a t i o n  and C a l i b r a t i o n  
Each blade f l e x u r e  i s  i n s t r u m e n t e d  w i t h  4 
s t r a i n  g a g e s ,  f i g u r e  25.  For t h e  z e r o  advance  r a t i o  
p i t c h  s t i r r i n g  t e s t s ,  t h e  g a g e s  from oppos ing  b l a d e s  
were wi red  i n t o  2 Wheatstone b r i d g e  c i r c u i t s  so t h a t  
81  - B, arid B 2  = B, c o u l d  b e  measured. E x n i t a t i o n s  
t o  t h e  2 b r i d g e s  and o u t p u t  s i g n a l s  from t h e  2 b r i d g e 8  
were conducted  through t h e  12 ring slip r i n g  assembly. 
C a l i b r a t i o n  of  t h e  c i r c u i t r y  was accompl ished  by 
l o a d i n g  each b l a d e  w i t h  a known moment and r e a d i n g  t h e  
v o l t a g e  l e v e l  o u t p u t .  I t  was found t h a t  t h e  v o l t a g e  
l e v e l  o u t p u t s  of oppos ing  b l a d e s  t o  t h e  same moment 
matched t o  w i t h i n  less t h a n  1.5 p e r c e n t ,  
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I n  f o r w a r d  f l i g h t  p i t c h  s t i r r i n g  t e s t s  t h o  
4 s t r a i n  g a g e s  on e a c h  b l a d e  w i l l  be  w i r e d  i n t o  a 
Wheats tone  b r i d g e  c i r c u i t  t h a t  cancels torsion and 
edgewise  moment c o n t r i b u t i o n s  t o  t h e  b r i d g e  imbalance. 
The f l a p p i n g  moment of e a c h  b l a d e  w i l l  b e  measured 
i n d e p e n d e n t l y .  An a t t e m p t  was made t o  u s e  t h e  c u r r e n t  
1 2  r i n g  a s sembly  w i t h  e x i s t i n g  a m p l i f i e r  c i r c u i t r y  
by s u p p l y i n g  power t o  a l l  b r i d g e s  from o n e  amplif ier  
and  by a m p l i f y i n g  each  b r i d g e  o u t p u t  s e p a r a t e l y .  
However, it was i m p o s s i b l e  t o  e l i m i n a t e  a l l  of t h e  
c r o s s - c h a n n e l  f eedbacks .  Consequen t ly ,  a t  l eas t  a 
1 6  s l i p - r i n g  a s sembly  i s  r e q u i r e d .  A 20 s l i p - r i n g  
a s sembly  h a s  been  p u r c h a s e d  and i s  b e i n g  i n s t a l l e d .  
R e s o l v e r s  a r e  u s e d  t o  measure r o t o r  and  
p i t c h  s t i r r i n g  a z i m u t h  a n g l e .  The r e s a l v e r s  a r e  
mounted on i n d e p e n d e n t  s h a f ' t s  and are d r i v e n  by a 
2 t o  1 t i m i n g  b e l t  and s p r o c k e t  a r r a n g e m e n t ,  so t h a t  
t h e  r e s o l v e r s  comple t e  two c y c l e s  d u r i n g  o n e  s h a f t  
r e v o l u t i o n .  T h e  r e s o l v e r s  u sed  a r e  A.E. I .  Model 
#I1 I R l l N 1 6 1 3 8 ~ s .  These r e s o l v e r s  were d e s i g n e d  t o  
be  d r i v e n  by a c a r r i e r  f r e q u e n c y  of 4 0 0  CPS8 A t  t h a t  
c a r r i e r  f r e q u e n c y ,  t h e  r e s o l v e r s  i n d i c a t e  a n g u l a r  
p o s i t i o n  by  a s i n e  f u n c t i o n  t o  w i t h i n  1%. A much 
h i g h e r  c a r r i e r  f r e q u e n c y  is  used  i n  t h e  c u r r e n t  t e s t  
s e t  up so t h a t  t h e  low p a s s  f i l t e r  which f i l t e r s  o u t  
t h e  r e c t i f i e d  c a r r i e r  w i l l  n o t  s i g n i f i c a n t l y  p h a s e  
s h i f t  f r e q u e n c i e s  under  60  CPS. When t h e s e  resolver8 
a re  used  i n  t h i s  manner, t h e  acuuracy  of t h e  s i n e  
f u n c t i o n  s l i p s  t o  lower t h a n  20%.  The a n g u l a r  p o s i -  
t i o n  is no l o n g e r  r e p r e s e n t e d  by a s i n e  f u n c t i o n ,  
b u t  by a smooth f u n c t i o n  t h a t  d i f f e r s  in a r e g u l a r  
way from a s i n e  f u n c t i o n .  T h i s  d i s c r e p a n c y  is 
compensated for by programming. 
For t h e  z e r o  advance  r a t i o  tests t h e  zrotor 
downwash was measured w i t h  2 channe l  ho t -wire  
anemometry a t  two p o i n t s  900 a p a r t .  ’ The p r o b e s  were 
l o c a t e d  a t  t h e  7 r a d i a l  p o s i t i o n  shown i n  f i g u r e  1 
.20  R and .12 R below t h e  r o t o r  a t  az imuth  a n g l e s  of 
d, = O‘ and J, = 2703. The p r o b e s  were s e l e c t e d  t o  
be s u i t a b l e  for t h e  wake f r e q u e n c y  r e s p o n s e  measurements.  
3 Data A c q u i s i t i o n  
Rea l  t i m e  d a t a  a c q u i s i t i o n  i s  performed on a n  
Ampex 6 c h a n n e l  F.M. t a p e  r e c o r d e r .  I n  t h e  zero 
advance r a t i o  t e s t s  t h e  d a t a  r e c o r d e d  were r o t o r  and 
p i t c h  azimuth a n g l e ,  $1 - S,, $ 2  - 6,+, and t h e  two 
downwash measurementso I n  forward  f l i g h t ,  t h e  
r e s o l v e r  i n f o r m a t i o n  w i l l  be r e c o r d e d  a s  w e l l  a s  
81,  6 2 ,  83, and 6, ( T a b l e  1). 
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4 T e s t i n g  P rocedure  
T a b l e  1 shows a summary of t h e  t e s t  ppocedures  
used  for t h e  z e r o  advance r a t i o  p i t c h  s t i r r i n g  t rans ien ts .  
They are d i s c u s s e d  i n  more d e t a i l  i n  t h e  following, 
Test I n i t i a l i z a t i o n  
I n  p r e v i o u s  r e p o r t s  it has been shown t h a t . t h e  8 
c a l i b r a t i o n  is i ndependen t  of r o t o r  v e l o c i t y .  The 
r o t o r  b l a d e s  a r e  e a s i l y  removed from t h e  ro to r  r o o t  
f l e x u r e e ,  The unloaded  f l e x u r e  b r i d g e  o u t p u t  g i v e s  
t h e  t r u e  v o l t a g e  l e v e l  a t  6 = 0 ;  C a l l  t h i s  BunloadedD 
F i x i n g  t h e  b l a d e s  t o  t h e  root f l e x u r e  and t a k i n g  a new 
measurement y i e l d s  Bloadede 
$ loaded  is t h e  c o n s t a n t  q u a n t i t y  t h a t  must be added 
t o  t h e  measured Bloaded v a l u e ,  t h a t  i s  r e c o r d e d  b e f o r e  
each  t e s t ,  t o  d e t e r m i n e  t h e  real v o l t a g e  l e v e l  a t  
6 = 0. 
Thus B a d j u s t  f Bunloaded - 
Bad3ust need o n l y  be  de t e rmined  once  for 
each b lade .  
8, = 0 is de te rmined  by i n d i v i d u a l l y  a d j u s t i n g  
each b l a d e  p i t c h  a n g l e  u n t i l  Bunloaded Q = 0 = 
@loaded  n = r u n n i n g  speed  b T h i s  i s  p o s s i b l e  because  
;he B c a l i b r a t i o n  is i ndependen t  of rotor v e l o c i t y ,  
I n d i v i d u a l  Tes t  C a l i b r a t i o n  
Samples 1 through 3 are  t a k e n  f o r  t e s t  c a l i b r a t i o n  
pu rposes .  
T e s t  i n i t i a l i z a t i o n  p rocedure8  a re  shown i n  Tab le  
1 under  A.  The rotor and p i t c h  s h a f t  a r e  l i n k e d  
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t o g e t h e r  so t h a t  t h e y  r u n  in tandem. A p r e c i s e  D.C. 
t e s t  a i g n a l  of a p p r o x i m a t e l y  1.4 v o l t s  is Ped t o  the 
t a p e  c h a n n e l s  t h a t  u l t i m a t e l y  w i l l  r e c o r d  b l a d e  
f l a p p i n g .  The s w i t c h e s  on t h e  p i t c h  s h a f t  motor 
c l u t c h  must b e  s e t  as  s p e c i f i e d  under  A for t h e  . 
p i t c h  r e s o l v e r  v o l t a g e  t o  b e  f e d  i n t o  t h e  t a p e  Ch. 2. 
To ro ta te  t h e  r o t o r ,  t h e  r o t o r  motor and r o t o r  motor 
c l u t c h  a re  engaged. After t h e  r o t o r  h a s  r e a c h e d  
t h e  s t e a d y  r o t a t i o n a l  speed  r e q u i r e d  f o r  t h e  t e s t ,  
t h e  t a p e  r e c o r d e r  i s  t u r n e d  on and i n f o r m a t i o n  i 6  
r e c o r d e d  on 6 f t .  of t ape .  The f u n c t i o n  of t h e  
sampl ing  program which r e a d s  t h i s  s e c t i o n  of t a p e  
its d e s c r i b e d  i n  Tab le  1. The d a t a  c o l l e c t e d  
on t h e  r e s o l v e r s  is  used t o  c o n s t r u c t  mappings from 
t h e  az imuth  a n g l e - r e a l  waveform r e l a t i o n  t o  an  
az imuth  a n g l e - s i n e  wave r e l a t i o n  for b o t h  r e s o l v e r s .  
These two mappings a r e  a p p l i e d  t o  a l l  subsequen t  
r e s o l v e r  d a t a  before paramete r  i d e n t i f i c a t i o n .  
A t  B, t h e  r o t o r  i s  s topped ,  t h e  p i t c h  r e s o l v e r  
d i s c o n n e c t e d ,  and a new precise D.C. t e s t  s i g n a l  o f  
approx ima te ly  . 3  v o l t s  i s  a p p l i e d  a c r o s s  t h e  b l a d e  
f l a p p i n g  c h a n n e l s ,  T h i s  i n f o r m a t i o n  is r e c o r d e d  on 
6 ft. of t a p e  b e f o r e  r o t o r  start up is i n i t i a t e d .  
The i n f o r m a t i o n  o b t a i n e d  from sampl ing  t h e s e  c h a n n e l s  
is used  t o  d e t e r m i n e  t h e  t r u e  Bo,  
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T e s t  Run 
A t  D r o t o r  s t a r t - u p  is  i n i t i a t e d  by engag ing  t h e  
r o t o r  motor c l u t c h .  S i n c e  t h e  r o t o r  motor is a l r e a d y  
on, t n e  r o t o r  r a p i d l y  acce le ra tes  t o  t h e  t e s t  speed. 
The rotor r e s o l v e r  c h a n n e l  is  w i r e d  so t h a t  i t  r e c o r d s  
a 2 V o l t  s i g n a l  u n t i l  t h e  r o t o r  c l u t c h  is engaged , ’  
t h e n  t h e  r o t o r  resolver s i g n a l  is engaged which varies 
between . 2  and 1.8 v o l t s .  The re  is a v o l t a g e  d r o p  
from 2 v o l t s  t o  t h e  r e s o l v e r  s i g n a l  l e v e l .  T h i s  
v o l t a g e  d rop  i s  used  by t h e  sampl ing  program t o  
i n i t i a t e  da ta  s t o r a g e  by t h e  s torage d e v i c e .  Thus 
one i s  s u r e  of o b t a i n i n g  d a t a  from t h e  v e r y  
b e g i n n i n g  of t h e  t r a n s i e n t .  When t h e  storage 
d e v i c e s  memory i s  f u l l ,  s ampl ing  is s t o p p e d  and d a t a  
is norma l i zed  b e f o r e  t h e  n e x t  s ampl ing  run .  Sample 
4 o b t a i n s  d a t a  on t r a n s i e n t  P c o n d i t i o n s .  P g o e s  
r a p i d l y  from 00 t o  its s t e a d y  s t a t e  c o n d i t i o n s .  A t  
p r e s e n t  t h e r e  are no a n l a y t i c a l  programs a v a i l a b l e  
€or u s i n g  t h i s  d a t a .  T h i s  d a t a  is c o l l e c t e d  once  
for each 0, c o n d i t i o n .  I n  wind tunnel .  t e s t i n g  a 
similar p r o c e d u r e  w i l l  be used  t o  c o l l e c t  t r a n s i e n t  
advance r a t i o  d a t a .  
A t  E p i t c h  c l u t c h  s w i t c h  1 i s  engaged. T h i s  
i n i t i a t e s  t h e  t r a n s i e n t  and i n i t i a t e s  p i t c h  r e s o l v e r  
r e c o r d i n g  d a t a  c o l l e c t i o n  w h i c h  p r o c e e d s  i n  t h e  same 
manner as a fo remen t ioned .  A t  F p i t c h  c l u t c h  s w i t c h  2 
i u  engaged. T h i s  t e r m i n a t e s  t h e  t r a n s i e n t  acce le ra t ion ,  
a f t e r  which d e c e l e r a t i o n  o c c u r 8 ,  b u t  d o e s  n o t  terminate 
p i t c h  r e s o l v e r  r e c o r d i n g .  Approximate ly  1 6  ro tor  
r e v o l u t i o n s  a t  60  p t s / r e v  of d a t a  a r e  c o l l e c t e d  p e r  
sample. If o n e  f i n d s  t h a t  a n  i m p o r t a n t  pa r t  of t h e  
t r a n s i e n t  o c c u r s  a f t e r  16 r e v o l u t i o n s ,  one can  d e l a y  
d a t a  s t o r a g e  u n t i l  t h e  a p p r o p r i a t e  time by u s i n g  t h e  
p i t c h  r e s o l v e r  c h a n n e l  v o l t a g e  d r o p  a s  a c l e a r l y  
d e f i n e d  time p o i n t .  After t h e  t r a n s i e n t  h a s  d i e d  
away shutdown is i n i t i a t e d  and  t h e  n e x t  t e s t  p repa red .  
Running 5 p r o g r e s s i n g  and 5 r e g r e s s i n g  t r a n s i e n t s  
each  a t  t h r e e  c o l l e c t i v e  p i t c h  s e t t i n g s  of 2 O ,  S o ,  8 O  
a t  z e r o  advance  r a t i o  t a k e s  a p p r o x i m a t e l y  1 hour. 
This i s  o n l y  a smal l  f r a c t i o n  of the e f fo r t  r e q u i r e d  
for f r e q u e n c y  r e s p o n s e  tes ts .  
D A T A  H A N D L I N G  SYSTEMS 
A f t e r  t h e  d e s i r e d  t r a n s i e n t  p i t c h  s t i r r i n g  tests 
have been conduc ted  and t h e  raw da ta  have been r e c o r d e d  
on t h e  t a p e ,  t h r e e  or f o u r  major  da t a  h a n d l i n g  t a s k s  
must be  accompl i shed .  These t a s k s  can  be  performed i n  
a number of  d i f f e r e n t  ways depend ing  upon t h e  computer 
hardware  and s o f t w a r e  a v a i l a b l e .  The t e s t s  have been  
s e t  up i n  such  a way t h a t  t h e y  p r o p e r l y  i n t e r f a c e  w i t h  
t h e  d a t a  h a n d l i n g  t a s k s .  
2 1  
The f i r s t  t a s k  t o  be accompl i shed  i s  t h e  
aonversion of t h e  p r o p e r  p a r t s  of t h e  a n a l o g  s igna l s  
t o  d i g i t a 1 , f o r m .  The o n l y  p a r t  o f  t h e  a n a l o g  t a p e  
of f n t e s e s t  is t h a t  very short s e c t i o n  t h a t  conta ins  
t h e  t r a n s i e n t  e x c i t a t i o n  and r e s p o n s e .  C o l l e c t i n g  
t h i s  s e c t i o n  of da ta  i s  i n i t i a t e d  by  t r i g g e r i n g  
sampled d a t a  s t o r a g e  w i t h  a change  in t h e  p i t c h i n g  
c h a n n e l  v o l t a g e  l e v e l  ( T a b l e  1). T h i s  t a s k  is 
accompl i shed  on  a PDP-12 computer a t  Washington 
U n i v e r s i t y .  The PDP-12 b e l o n g s  t o  t h e ' f a m i l y  of 
minicomputers  and  has proven  t o  be a n  e f f e c t i v e  
l a b o r a t o r y  computer. The PDP-12 on which t h i s  is 
done has :  
1. 8,192 - 1 2  b i t  word core memory 
2. 64,OO - 12 b i t  word DF32 random access d i s k  
s t o r a g e  s p a c e  
3. 500,000 - 1 2  bit work RF08 f a s t  random a c c e s s  
d i s k  s t o r a g e  s p a c e  
4. 8 e x t e r n a l  a n a l o g - d i g i t a l  c o n v e r s i o n  c h a n n e l s  
Assembly l a n g u a g e  programs have been w r i t t e n  for 
o b t a i n i n g  t h e  d i g i t i l i z e d  raw d a t a .  This d a t a  i s  
t e m p o r a t i l y  s t o r e d  on t h e  DF32 d'  ,k where i t  is 
s e q u e n t i a l l y  a d d r e s s e d  by d a t a  r e d u c t i o n  programs. 
2 2  
A second p o s s i b i l i t y  e x i s t s  fo r  a c h i e v i n g  t h e  
d a t e  sampl ing  t a s k .  A number of PDP-11 computers  
which have  d f r e c t  access t o  t h e  9 n i v e r s i t p ' s  SBH 360 
computer  have been i n s t a l l e d  a round t h e  campus, The 
PBP-11 is one  of t h e  new f a m i l y  of microcomputers ,  
The basic p r o c e s s i n g  c y c l e  is a b o u t  a t h i r d  as fast 
as t h e  PDP-12 p r o c e s s i n g  c y c l e  b u t  is s i g n i f i c a n t l y  
cheape r  and is t i e d  to t h e  main IBM coinputex-. We have 
o b t a i n e d  access t o  t w o  of t h e s e  machines,  The one 
w i t h  t h e  b e s t  c o n f i g u r a t i o n  has :  
1, 2 8 , 0 0 0  - 16 b i t  word core memory 
2. V i r t u a l l y  u n l i m i t e d  i n d i r e c t  d i s k  stmage (accessed 
th rough  t h e  IBH 360) 
3. I n t e r a c t i v e  g p a p h i c s  d i s p l a y  w i t h  h a r d  copy 
c a p a b i l i t y  
There  is a good p o s s i b i l i t y  t h a t  a n a l o g - d i g i t a l  
conve r s ion  hardware w i l l  be added t o  one of t h e s e  
machines.  Assembly language  sampl ing  software would 
have t o  be w r i t t e n  t o  i n t e r f a c e  w i t h  t h e  hardware as 
t h e  a v a i l a b l e  Fortran sampling s u b r o u t i n e s  a r e  too  
slow. However, t h e s e  programs a re  fairly s t r a i g h t -  
forward t o  wpite.  
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Data Reduc t ion  i s  t h e  second major t a s k  t h a t  
must b e  accompl ished .  The d i g i t i l i z e d  data must  b e  
normalized w i t h  t h e  p r o p e r  n o r m a l i z a t i o n  t a b l e s  
and c o n s t a n t s  which are  c o n s t r u c t e d  from ca l ibra t ion  
r u n s ,  S o f t w a r e  f o r  t a b l e  c o n s t r u c t i o n  and  d a t a  . 
n o r m a l i z a t i o n  h a s  been  w r i t t e n  a n d  tes ted for b o t h  
t h e  PDP-11 and  t h e  PDP-12. These are F o r t r a n  I1 on 
t h e  PDP-12 a n d  F o r t r a n  I V  (on  t h e  PDP-11) programs 
t h a t  read t h e  d a t a  o f f  t h e  a p p r o p r i a t e  d i s k  s p a c e  
( t h e  DF 32 for t h e  PDP-111, n o r m a l i z e  t h e  data,  a n d  
rewrite t h e  n o r m a l i z e d  d a t a  o n t o  t h e  a p p r o p r i a t e  
s t o r a g e  d e v i c e ,  
. 
The l a s t  s t e p  i n  t h e  da t a  h a n d l i n g  sys t em i s  t h e  
i d e n t i f i c a t i o n  a n a l y s i s ,  C u r r e n t l y ,  t h e  a n a l y s i s  can 
be  done  o n l y  on t h e  IBM 360; c o n s e q u e n t l y ,  o n e  must  
e i t h e r  i n t r o d u c e  n o r m a l i z e d  d a t a  t r a n s f e r  r o u t i n e s  
t o  g e t  t h e  d a t a  i n t o  t h e  360,  02 one  must  r e w r i t e  t h e  
i d e n t i f i c a t i o n  a n a l y s i s  t o  f i t  t h e  PDP-12 system. The 
o n l y  c u r r e n t l y  a v a i l a b l e  method of t r a n s f e r r i n g  
no rma l i zed  d a t a  from t h e  PDP-12 t o  t he  IBM-360 is by 
p r i n t i n g  o u t  t h e  d a t z  and t h e n  key punching  t h e  d a t a  
o n t o  c a r d s .  This i s  a r e l a t i v e l y  l a b o r i o u s  p r o c e s s  
and r e q u i r e s  a b o u t  one  hour  of key punching, p e r  
t r a n s i e n t .  I n  t h e  near f u t u r e ,  a n  IBM c o m p a t i b l e  
t a p e  d r i v e  w i l l  be w i red  t o  t h e  PDP-12 y i e l d i n g  y e t  
a n o t h e r  o p t i o n  t o  d a t a  t r a n s f e r  a n d  hand l ing .  
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S i n c e  t h e  hardware  for sampl ing  d a t a  v i a  t h e  
PDP-11 a n d / o r  w r i t i n g  d a t a  from t h e  PDP-12 onto 
IBM c o m p a t i b l e  t a p e  i s  n o t  y e t  a v a i l a b l e ,  work is 
Being d i r e c t e d  a t  w r i t i n g  t h e  i d e n t i f i c a t i o n  a n a l y s i s  
in PDP-12 c o m p a t i b l e  form, T h i s  t a s k  is c o m p l i c a t e d  
because  of t h e  small core memory a v a i l a b l e  t o  t h e  
PDP-12 which makes i t  n e c e s s a r y  t o  swap program 
segments  i n t o  and o u t  of core. A l a r g e r  c o r e  memory 
would f a c i l i t a t e  t h i s  t a s k ,  Tho p r i n t - o u t  and  
key punching  r o u t i n e s  c a n  a lways  b e  used  as an 
a l t e r n a t e  method i f  t h e  i d e n t i f i c a t i o n  a n a l y s i s  
p r o v e s  t o  b e  too b i g  for t h e  PDP-12 and  none of 
t h e  o t h e r  o p t i o n s  become a v a i l a b l e ,  
T h e  i d e a l  d a t a  h a n d l i n g  sys t em for sampl ing ,  
d a t a  r e d u c t i o n  and i d e n t i f i c a t i o n  a n a l y s i s  would b e  
t h e  p r e s e n t l y  a v a i l a b l e  PDP-12 sys tem w i t h  a n  
a d d i t i o n a l  24,000 words o f  c o r e  memory. T h i s  would 
e n a b l e  one  t o  do a l l  n e c e s s a r y  p r o c e s s i n g  on t h e  
same machine,  from s t a r t  t o  f i n i s h ,  It would a l s o  
a l l o w  far qu ick  c p e r a t o r  i n t e r a c t i o n  w i t h  t h e  
p r o c e s s i n g  r o u t i n e s .  As h a s  been  s t a t e d ,  t h i s  
f l e x i b i l i t y  can  be a c h i e v e d  w i t h  t h e  p r e s e n t l y  
a v a i l a b l e  s y s t e m ,  however programming is  more com- 
p l i c a t e d  t h a n  i t  would be for t h e  ex tended  memory 
sys tem d e s c r i b e d  above. T a b l e  2 shows t h e  p r e s e n t  s t a t e  
o f  a v a i l a b i l i t y  of  t h e  hardware and s o f t w a r e  f o r  t h e  
v a r i o u s  a l t e r n a t i v e s .  
2 5  
Task Machine -
Table 2 
Present1 
Hardware 
PDP-I 2 
PDP-11 
Data 
SampliK 
Yes 
Yes 
Data 
Reduct i o n  
PDP-12 v i a  magtape 
PDP-12 via keypunch 
PDP-11 
Yes 
Yes 
Reduced Data 
Transfer in to  
main computer 
IBPI 31 9 1 PDP-12 Ident i f  i c a t i o  Analysis Yes yes ? 
Avail fble 
Software 
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CONCLUSIONS 
I n  a s u r v e y  of t h e  dynamic r o t o r  wake from s t e a d y  
1.SdDpftch s t i r r i n g  a t  zero advance  r a t i o  i n  p l a n e s  
.12 R and .20 R below t h e  r o t o r  center ,  u s i n g  2 O ,  So, 
8 O  co l l ec t ive  p i t c h  and  b l a d e  n a t u r a l  f l a p p i n g  . 
f r e q u e n c y  when r o t a t i n g  of P = 1.17 t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s  were found:  
1. 
2. 
3 0  
The spanwise  d i s t r i b u t i o n s  of t h e  t i m e  a v e r a g e  
- Y 1 1 2  
PI, of t h e  t i m e  roo t  mean s q u a r e  a v e r a g e  ( w  ) 
and of t h e  a b s o l u t e  v a l u e  of t h e  f irst  F o u r i e r  
c o e f f i c i e n t  w i t h  r e s p e c t  t o  t h e  s t i r r i n g  
frequency IFlu lw have a maximum a t  abou t  0 8  R. 
For t h e  h i g h e r  c o l l e c t i v e  p i t c h  a n g l e s  t h i s  
maximum h a s  t h e  t endency  t o  s h i f t  i nboa rd ,  
p a r t i c u l a r l y  for t h e  wake a m p l i t u d e  IFlwIw . 
The t ime a v e r a g e  and t h e  time r o o t  mean s q u a r e  
ave rage  171”’ becomes less  v a r i a b l e  w i t h  p i t c h  
s t i r r i n g  f r e q u e n c y ,  a s  t h e  c o l l e c t i v e  p i t c h  i n c r e a s e s .  
The wake ampl i tude  IFlulw i s  s t r o n g l y  dependent  on 
t h e  p i t c h  stirring f requency .  I t  i s  a l m o s t  zero 
when i n  a r e g r e s s i n g  mode t h e  p i t c h  s t i r r i n g  
f r equency  and t h e  b l a d e  f l a p p i n g  f r e q u e n c y  c o i n c i d e .  
The wake a m p l i t u d e  reaches a maximum for a p i t c h  
s t i r r i n g  f r equency  somewhat below t h e  b l a d e  
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flapping natural f r equency .  For a co l lec t ive  
p i t c h  angle of 2 O  and b l a d e  f l a p p i n g  f r e q u e n c i e s  
of P = 1.25 and 18175 t h e  t e s t  data were f u r t h e r  
e v a l u a t e d  by d e t e r m i n i n g  spanwise  a v e r a g e s  of 
lFlorlw t h a t  are p r o p o r t i o n a l  t o  - 7 112 and w s  I w  I 
t h e  f l a p p i n g  moment of a b l a d e  a t  t h e  hub. - 
The c o n c l u s i o n  w i t h  r e s p e c t  t a  t h e s e  hub moments are8 
1. 2 1/2 and The hub moments from zs I w  I 
4 and 2 b l a d e s  are not  much different .  T h i s  
may n o t  be  t r u e  for h i g h e r  c o l l e c t i v e  p i t c h .  
2. From comparing t h e  b l a d e  f l a p p i n g  r e s p o n s e s  
o b t a i n e d  a n a l y t i c a l l y  w i t h o u t  dynamic wake and  
t h o s e  o b t a i n e d  e x p e r i m e n t a l l y  w i t h  t h e  hub 
moments from t h e  wake a m p l i t u d e  one  can  conc lude  
t h a t  t h e  l a r g e  d i s c r e p a n c i e s  between a n a l y t i c a l  
and e x p e r i m e n t a l  b l a d e  f l a p p i n g  Pesponses  t o  
s t e a d y  c y c l i c  p i t c h  s t i r r i n g  must be p r i m a r i l y  
caused  by t h e  dynamic r o t o r  wake. 
T h i r t y  t r a n s i e n t  p i t c h  s t i r r i n g  tests a t  zero advance  
r a t i o  Save been conducted  w i t h  2 O S  S o ,  8 O  c o l l e c t i v e  
p i t c h .  The t e s t i n g  time was less t h a n  one  hour  and 
o n l y  a f r a c t i o n  of what is r e q u i r e d  for f r equency  
r e s p o n s e  tests. No c o n c l u s i o n s  can be  drawn as  t o  
t h e  t e s t  r e s u l t s  s i n c e  t h e  data have n o t  been 
p r o c e s s e d  a s  y e t .  
28  
With r e s p e c t  t o  d a t a  h a n d l i n g  sys t ems ,  t h e  only 
method f e a s i b l e  w i t h  p r e s e n t l y  a v a i l a b l e  equipment  
is t o  d i g i t i z e  and  p r e p r o c e s s  t h e  data on a PDP-12 
computer  and manua l ly  key punch cards for f i n a l  
p r o c e s s i n g  w i t h  t h e  main IBM-360 computer.  Alter- 
na t ive  sys t ems  may become a v a i l a b l e  t h a t  would 
speed  up  data h a n d l i n g :  
1, A l a r g e r  c o r e  memory o f  t h e  PDP-12 would allow 
t o  pepform t h e  e n t i r e  data h a n d l i n g  task on t h i s  
computer.  
2, An a n a l o g - d i g i t a l  c o n v e r t e r  u n i t  c o m p a t i b l e  w i t h  
t h e  PDP-11 would a v o i d  key punching  s i n c e  t h i s  
computer  has  d i r e c t  access t o  t h e  main IBM 360. 
3. An a u t o m a t i c  key punch a d a p t e r  for the PDP-12 
computer would also a v o i d  t h e  manual t r a n s f e r  
t o  IBM cards. 
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FIGURE CAPTIOCS 
Fig.  1 V e l o c i t y  P robe  L o c a t i o n s .  
F i g s .  2-5 T i m e  a v e r a g e  ;of t h e  wake v e l o c i t y  f o r  
1 2  c y c l i c  p i t c h  s t i r r i n g  frequencies and  
f o r  7 r a d i a l  s t a t i o n s  f o r  t h e  4 b l a d e d  
r o t o r  w i t h  first f l a p p i n g  f r e q u e n c y  P = 1.17. 
F i g s .  6-9 
F i g s .  11,12 
Figs.  13,14 
- 
Root mean s q u a r e  (w2)1/2 f o r  1 2  c y c l i c  
p i t c h  s t i r r i n g  f r e q u e n c y  and  fo r  7 r a d i a l  
s t a t i o n s  f o r  t h e  4 b l a d e d  ro to r ,  P = 1.17. 
Wake v e l o c i t y  a m p l i t u d e s  for 1 2  
c y c l i c  p i t c h  s t i r r i n g  l F l ~ l w  frequencies 
and  f o r  7 r a d i a l  s t a t i o n s  fo r  t h e  4 b l a d e d  
r o t o r ,  P = 1.17. 
Huu moments from G v s .  c y c l i c  p i t c h  s t i r r i n g  
f r e q u e n c y ,  2 and  b b l a d e d  r o t o r ,  P = 1.25 
and 1.175. 
1) I. 2 and 4 b l a d e d  Hub moments from s t i r r i n g  f r e q u e n c  
r o t o r ,  P = 1.25 and 1.175. 
VS. c y c l i c  p i t c h  
F i g s .  15,16 T h r u s t  d e f i c i e n c y  from VS. c y c l i c  p i t c h  
s t i r r i n g  f r e q u e n c y ,  2 and 4 b l a d e d  r o t o r ,  
P = 1.25 and  1.175. 
Hub moments fron ( w  'I1 1'2 vs. c y c l i c  p i t c h  
s t i r r i n g  f r e q u e n c y ,  2 and  4 b l a d e d  r o t o r ,  
P = 1.25 and 1.175. 
Figs. 17,18  
F igs .  19-22 
Figs .  23,24 
Fig .  25 
F l a p p i n g  r e s p o n s e  a m p l i t u d e  r a t i o  and  
phase  a n g l e  vs .  c y c l i c  p i t c h  s t i r r i n g  
f r e q u e n c y ,  2 and  4 b l a d e d  r o t o r ,  P = 1.25 
and 1.175. 
D i f f e r e n c e  i n  a n a l y t i c a l  and  e x p e r i m e n t a l  
f l a p p i n g  a m p l i t u d e s  compared w i t h  hub 
moment a m p l i t u d e  from dynamic w a k e s  VS. 
c y c l i c  p i t c h  s t i r r i n g  f r e q u e n c y ,  2 and 
4 b l a d e d  r o t o r ,  P = 1.25 and 1.1*'5. 
Ro to r  Head w i t h  I n s t r u m e n t a t i o n .  
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Figure 6a 
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Appendix A 
List of P u r c h a s e d  a n d  Borrowed E q u i p n e n t  
I. Equipment  p u r c h a s e d  u n d e r  C o n t r a c t  NAS2-4151 a n d  c a r r i e d  
over to C o n t r a c t  MAS2-7613 w i t h  p u r c h a s e  p r i c e  over $1,000.  
1 - TSI Thermo Systems Incorporated Model. 1050 R e s e a r c h  
Anemometer $1,285.00 
2 - TST Uode l  1 3 5 2  P o l y n o m i a l  L i n e a r i z e r s  a t  $1,150 e a c h  
2,300.00 
1 - TSI Model 1015C Corre la tor  1 , 0 7 5  . O O  
su H $4,660.00 
1 1 .  Equipment  p u r c h a s e d  u n d e r  Con t rac t  NAS2-7613 over $300 
1 - D i g i t a l  H u l t i r n e t e r  $300.00 
111. Borrowed Equipment  - o v e r  $1,000.00 
1 - TSI S i n g l e  C h a n n e l ,  n o n - l i n e a r i z e d  h o t  
wire anemometry s y s t e m  $ 3 , 6 0 0 . 0 3  
(New v a l u e )  
2 - T e k t r o n i x  Type 502A D u a l  B e a m  C s c i l l o s c o p e s  $2,200.03 
( N e w  v a l u e )  
1 - A,-pex FR-1300 R e c o r d e r / R e p r o d a c e r  $7,500.00 
(New v a l u e )  
1 - H e w l e t t  Packard T h r r m a l  Recording System $7,500.O0 
(New v a l u e )  
1 - C o n s o l i d a t e d  E l e c t r o d y n a m i c s  Corp.  
i y ~ e  5 - 1 2 4  Recording O s c i l l o q r a p h  $3,000.00 
( N e w  v a l u e )  
1 - 2 - c h a n n e l  a d j u s t a b l e  h igh - low p a s s  
v a r i a b l e  f i l t e r  $2,203.36 
TOTAL $27,800.00 
